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ABSTRACT 


A  search  of  the  literature  was  made  for  the  period 
from  1920  through  June  1972,  to  obtain  experimental  x-ray 
cross  sections  for  the  elements  in  the  energy  range  from 
0.1  keV  to  1  MeV.  Total  attenuation  and  photoelectric 
absorption  data  were  evaluated  and  found  not  to  be  at 
variance  with  values  reported  in  the  compilation  in  the 
Final  Report  of  this  study.  Mew  experimental  scattering 
data,  along  with  earlier  compiled  experimental  scattering 
data  were  compared  with  theoretical  values  used  in  the 
jmp^lati'n.  Data  are  too  scarce  and  errors  are  too  large 
to  evaluate  the  theoretical  values  unequivocally.  Low 
energy  theory  was  explored  to  determine  whether  changes  in 
potential  or  inclusion  of  relativistic  or  correlation 
effects  could  significantly  improve  calculated  low  energy 
cross  sections.  It  was  concluded  that  correlation  effects 
would  be  most  important. 
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This  document  contains  a  Supplementary  Report  to  the  n 

Final  Report,  Volumes  I  and  II,  DNA  2433F  (formerly  u 

DASA  2433),  Revision  1,  KN-71-431 (R) ,  which  is  the  final 
report  on  contract  DASA  01-70-C-0126,  amended  to  cover  the  J 

period  28  April  1970  -  30  September  1972.  This  supplemental 
report  is  on  in'  ‘<stigations  made  at  Kaman  Sciences  Corporation  j 

from  6  March  1972  to  30  September  1972  under  the  direction  of 
Dr.  Wta.  J.  Veigele.  J 
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1. 


INTRODUCTION 


This  report  brings  up  to  date  Hainan's  research  on 
x-ray  attenuation.  Recommended  sets  of  cross  sections  were 
tabulated  and  issued  in  1971*".  The  present  document  gives 
more  details  concerning  certain  aspects  of  x-ray  attenuation, 
particularly  developments  in  the  study  of  x-ray  scattering 
and  improvements  in  low  energy  theory.  Collection  of 
experimental  total  attenuation  cross  sections  also  continued, 
and  data  were  processed  for  inclusion  in  any  future  compilation 
or  revision. 

2.  REVIEW  OF  X-RAY  SCATTERING  RESEARCH 

X-ray  scattering  and  the  need  for  accurate  cross 

2 

sections  were  explained  in  Raman's  final  report  on  research 

3 

in  1967.  During  that  study,  a  scattering  bibliography  was 
also  issued.  Since  then,  published  accounts  of  x-ray 
scattering  experiments  and  papers  on  related  experimental  and 
theoretical  work  have  been  obtained  and  reviewed.  Seventeen 
of  the  papers  reported  experimental  results  on  coherent 
scattering.  These  results  have  been  added  to  the  graphs 
from  the  1967  compendium  on  x-ray  scattering  cross  sections. 

See  Figures  1-37.  A  list  of  the  experimental  data  sources 
is  in  Appendix  A.  Cromer's  recent  form  factor  calculations 
appear  on  the  graphs  with  other  theoretical  curves  and  extend 
the  range  of  theory  for  comparison  with  experiment.  Cromer’s 
calculated  values  for  both  form  factors  and  incoherent 
scattering  functions  were  compared  with  experimental  data. 
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A  need  continues  for  more  accurate  bound  electron 
cross  sections  over  a  continuous  range  of  energy.  Though 
there  are  many  theories  for  calculating  scattering  cross 
sections,  few  experiments  have  been  conducted  that  help 
evaluate  the  reliability  of  the  theoretical  cross  sections, 
especially  for  incoherent  scattering.  The  present  work 
pertains  to  x-ray  scattering  from  electrons  bound  in  normal 
atoms  of  a  material. 

2.1  Coherent  Scattering 

Coherent  scattering  is  that  which  results  in  a  change 
in  x-ray  momentum  but  no  change  in  energy  and,  therefore,  no 
deposition  of  energy  in  the  scattering  material.  The 
coherent  scattering  cross  section  is  the  probability  of 
occurrence  of  such  an  interaction  under  given  conditions. 

At  very  low  energy  the  contribution  of  x-ray  scattering 
is  negligible  when  compared  with  photoelectric  absorption 
as  the  most  likely  attenuating  event.  In  hydrogen,  the 
occurrence  of  coherent  scattering  begins  to  affect  total 
attenuation,  though  only  slightly,  at  about  1  keV.  Coherent 
scattering  cross  sections  decrease  with  increase  in  energy, 
but  their  influence  as  a  significant  proportion  of  attenuation 
increases  because  photoelectric  absorption  cross  sections 
decrease  more  rapidly  as  energy  increases  to  10  -  100  keV. 
Depending  upon  atomic  number,  the  frequency  of  coherent  and 
incoherent  scattering  is  about  equal  at  10  -  100  keV. 


2.1.1  Experimental  Values  of  f 

Experimental  data  for  coherent  scattering  were  reduced 
to  form  factors  f  and  plotted  as  f/Z  versus  sin  (0/2) /X  (A) 


for  comparison.  Recent  experimental  data  seem  to  agree  with 
earlier  data. 

New  experimental  data  are  for  beryllium,  and  tungsten 
at  low  energy.  The  data  agree  with  other  results.  Iron  and 
nickel  data  from  data  source  1  (see  Figs.  7  and  8)  are  lower 
than  other  experimental  data  between  sin  (0/2) /A  of  0.2  and 
0.5. 


Uncertainties  are  high,  probably  higher  than  the  reported 
errors,  because  error  bars  do  not  overlap  in  many  cases.  In 
general,  the  graphs  that  include  more  recent  experimental 
measurements  of  x-ray  scattering  are  as  incomplete  and 
inconsistent  as  before,  and  as  difficult  to  interpret  with 
the  accuracy  desired. 

2.1.2  Cromer's  Form  Factors 

4 

Cromer  recently  computed  form  factors  for  all  elements 
over  a  broader  energy  range  than  previously  covered  by 
theoretical  calculations.  Cromer's  data,  which  were  compiled 
in  Ref.  1,  were  plotted  on  the  graphs  containing  experimental 
and  other  theoretical  coherent  scattering  cross  sections 
shown  in  Figs.  1-37. 

Cromer's  coherent  scattering  factors  agree  closely 
with  Hartree-Fock  data  from  earlier  sources  to  sin  (0/2) /A  =3, 
where  the  old  HF  data  ended.  Atomic  structure  is  noticeable 
in  the  graphs  of  Cromer's  data,  as  it  is  in  the  earlier  HF 
calculations.  Beyond  sin (6/2) /A  =  10,  the  curves  of  f/Z 
are  somewhat  subjective  because  the  calculated  f  values  do 
not  follow  a  smooth  curve  and  intervals  between  values  are 
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greater.  Curves  representing  the  Thomas-Ferrai  theory  turn 
out  sharply  at  about  sin  (0/2) /X  =  10  and  end  uncertainly. 

Thus  we  have  no  theoretical  comparison  farther  out  on  the 
graphs  except  that  of  Cromer. 

2.1.3  Comparison  of  Theory  with  Experimental  f  Data 

Below  sin  (0/2) /X  =  3  there  is  good  agreement  betv/een 

4 

Comer's  values  and  experimental  data  except  for  Si,  Ni,  Pb, 
Bi,  Th,  and  U.  For  those  elements,  however,  the  experiments 
contained  large  uncertainties. 

Above  sin  (0/2) /X  =  3  form  factors  are  calculated  at 
such  wide  intervals  they  cannot  be  plotted  without  uncertainty 
and  comparison  with  experimental  data  in  this  region  is  more 
difficult. 

2.2  Incoherent  Scattering 

Incoherent  scattering  from  electrons  is  scattering 
that  results  in  a  change  in  both  momentum  and  energy  of 
the  incident  photon  and  a  deposition  of  energy  in  the 
scattering  material.  The  incoherent  scattering  cross 
section  gives  the  probability  of  occurrence  of  this  inter¬ 
action  with  electrons  in  matter.  Incoherent  scattering 
starts  to  influence  total  attenuation  cross  sections  near 
1  keV.  The  importance  of  incoherent  scattering  grows  until 
it  predominates  in  the  total  attenuation  process  at  higher 
energies  (10  keV  for  Z  =  2,  600  keV  for  Z  =  n4) . 

2.2.1  Experimental  Measurements  of  Incoherent  Scattering 

From  Ref.  2,  the  experimental  incoherent  scattering 
functions  that  could  be  compared  with  theory  were  those 
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from  entire  atoms  rather  than  from  individual  electron 

shells.  These  data  were  replotted  versus  the  variable 
o 

sin  (6/2) /X  (A)  in  Figs.  38  -  41.  The  range  of  experimental 
data  for  aluminum  and  copper  extends  only  to  sin  (0/2) /X  =  2. 
Experimental  values  for  iron  go  to  sin  (0/2)/X  =  35,  and  to 
50  for  lead.  Still  this  coverage  is  very  scanty  for  drawing 
general  conclusions. 

2.2.2  Cromer’s  Incoherent  Scattering  Functions 

4 

To  evaluate  Cromer's  incoherent  scattering  function 
calculations,  data  in  Volume  II  of  Reference  1  were  divided 
by  atomic  number  and  plotted  as  S  on  the  graphs  of  experimental 
data  in  Figs.  38  -  41. 

2.2.3  Comparison  of  Incoherent  Scattering  Data 

Whole  atom  experimental  data  for  incoherent  scattering 
were  compared  with  Cromer's^  theoretical  incoherent  scattering 
factors.  For  comparison  with  theoretical  calculations, 
incoherent  scattering  data  were  plotted  versus  sin  (0/2) /X(X), 
although  that  unit  is  not  an  exact  momentum  transfer  variable 
for  incoherent  scattering.  (See  Reference  2) . 

Experimental  data  for  the  four  elements  agree 

qualitatively  with  theoretical  curves.  Disagreement  between 

o 

theory  and  experiment  appears  greatest  at  low  sin  (8/2) /X (A), 
where  error  bars  in  general  do  not  touch  the  theoretical 
curve.  There  also  is  general  disagreement  for  back  scattering 
where  theory  predicts  S  £  1  but  some  experiments  show  S  >  1. 
Data  source  31  is  the  only  paper  with  data  for  more  than  one 
element.  The  values  there  are  above  the  theoretical  curves* 
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The  experimental  errors  are  so  large  and  so  few  data  are 
available  that  no  accurate  quantitative  conclusions  can  be 

drawn. 


2.3  Conclusions  from  Scattering  Study 

In  conclusion,  Cromer's^  form  factor  values,  which 
provide  the  most  comprehensive  set  available,  agree  quite 
well  with  experimental  data  over  the  regions  examined.  For 
high  values  of  sin  (0/2) /X,  his  calculations  are  not  compre¬ 
hensive  enough  to  be  plotted  smoothly  to  obtain  good  quantita¬ 
tive  comparisons. 

Cromer's  values  for  incoherent  scattering  functions 
agree  qualitatively  with  experimental  data,  but  because  of 
the  scarcity  of  and  large  errors  rm  incoherent  experimental 
data,  unequivocal  quantitative  comparisons  are  impossible. 
Cromer's  theory,  like  earlier  ones,  also  predicts  S  £  1  at 
large  angles  but  many  experiments  and  recent  theories 
indicate  that  S  >  1  in  the  back  scattering  region. 

It  is  recommended  that  Cromer's  values  continue  to  be 
used  in  the  cross  section  compilation,  until  further 
calculations  and  experiments  have  been  made . 


3 .  TOTAL  ATTENUATION 

Measurements  of  total  attenuation  have  been  reported 
since  our  compilation  of  x-ray  cross  sections1  was  distributed. 
A  survey  of  the  values  from  the  recently  obtained  published 
papers  with  comparable  data  shows  no  present  need  for  revis¬ 
ing  attenuation  cross-section  values.  Additional  ranges 
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covered  by  the  recent  experimental  data  are  mainly  between 
0.1  kaV  and  1  keV  for  chromium,  nickel,  zirconium,  and 
molybdenum,  and  from  0.2  keV  to  1.74  keV  for  germanium. 

4.  LOW  ENERGY  THEORY  IMPROVEMENTS 


Consideration  was  given  to  improving  low  energy 
photoionization  cross  section  calculations  by  investigating 
the  effects  of  three  phenomena  —  the  potential  function, 
relativity,  and  electron  correlations. 


4 . 1  Potential  Function 


Photoionization  cross  sections  are  calculated  in  the 
dipole  approximation  from  the  equation^ 


*rra 


n  £ 


Nn*  hv 


hm)  R  w  Mira) 

■ 


£+1 


(1) 


where  a  is  the  fine  structure  constant,  aQ  is  the  Bohr 
radius,  Nn^  is  the  subshell  occupation  number,  and  Ri+1 
are  radial  matrix  elements  for  bound  and  continuum  states. 
The  radial  matrix  elements  are  given  by 


RH±1  "J  p„i  (r)r  Pe,m  <r)dr  (2) 

O 

where  e  is  the  continuum  electron  energy,  and  Pn&  (r)  and 
P£  (r)  are  bound  and  continuum  radial  wave  functions 
obtained  by  solving  the  Schrodinger  equation  in  atomic 
units. 


(3) 


[|p  +  V(r)  +  En  "  &-(p”-)jP(r)  *  °* 

Here  Er  is  total  energy  of  an  n  shell  electron  and  V(r)  is 
the  central  potential. 

A  self  consistent  field  solution  of  Eq.  (3)  yields 
P(r)  values  which  are  used  in  Eq.  (2)  to  get  the  which 

are  used  in  Eq.  (1).  For  the  bound  state  these  pn£(r)  have 
consistent  values  of  V(r)  which  together  give  a  minimum 
energy.  This,  in  general,  vill  differ  from  the  experimental 
value.  It  was  considered  that  a  ^parametric  variation  of  V{r) 
could  be  attempted  to  give  a  final  set  of  En  equal  to  experi¬ 
mental  values.  These  would  produce  a  set  of  P'A  (r)  different 
from  those  obtained  if  no  restriction  were  imposed  on  the  Efi. 
These  P'^  (r)  then  would  give  more  accurate  values  of  t. 

This  method  was  tested  for  selected  elements  and 
energies  by  introducing  experimental  En  and  varying  V(r)  and 
Pn^(r)  iteratively  until  their  changes  were  small.  The  resulting 
PnA(r)  were  used  in  Eq.  (2),  and  3q.  (1)  was  used  to  calculate 

Tni* 

Differences  of  less  than  a  few  percent  in  xn^  calculated 
by  both  methods  for  selected  elements  and  energies,  imply  that 
a  parametric  variation  in  the  potential  function  would  not 
significantly  improve  low  energy  photoionization  cross  sections. 

4.2  Relativistic  Effects 


Host  of  the  discrepancy  between  our  low  energy  theory 
and  experiment  results  from  the  use  of  the  approximate  Slater 
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exchange  potential  and  not  from  relativistic  effects.  There 
are  comparable  (and  competing)  corrections  to  the  outer  shell 
binding  energies  of  Xe  resulting  from  the  inclusion  of 
relativity  and  complete  exchange,  but  the  exchange  effect 
is  more  significant  than  the  relativistic  effect  for  calcula¬ 
tion  of  photoelectric  cross  sections.  For  example.  Figure  42 
from  Kennedy  and  Manson6  shows  recent  HF  (complete  exchange) 
calculation  for  the  photoelectric  cross  section  of  Xe  between 
100  and  1000  eV  and  our  HFS  values1.  The  discrepancy  below 
about  200  eV  can  only  be  due  to  our  incomplete  exchange,  since 
both  calculations  are  nonrelativistic  and  the  Kennedy  and  Manson 
calculation  seems  to  match  experiment  rather  well. 

In  any  single-particle  model,  electrons  that  are  photo- 
electrically  excited  by  photons  in  the  0.1  to  1  keV  range  are 
not  relativistic  for  any  element.  The  Slater  exchange 
approximation  seems  to  be  fairly  good  for  cross  section 
calculations  down  to  about  100  eV  and  is  very  good  at  energies 
greater  than  about  200  or  300  eV  where  outer  shell  effects  are 
less  significant. 

4.3  Electron  Correlation 


A  review  of  the  literature  was  made  to  determine  the 
expected  importance  of  electron  correlations,  to  evaluate 
recent  developments  in  correlation  effects  in  photoionization 
theory,  and  to  see  whether  comparisons  of  theories  with 
experiments  show  the  effects  of  correlations. 

7 

It  is  known  and  has  been  stated  explicitly  by  Slater 
that  it  is  the  lack  of  correlation  in  the  Hartree-Fock  method 
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that  keeps  it  from  being  exact.  He  also  concludes  that  exact 
wave  functions  are  important  in  calculating  photoionization 
cross  sections  because  the  matrix  elements  are  very  sensitive 
to  small  errors  in  wave  functions  because  of  their  oscillatory 
behavior . 

O 

It  was  stated  also  by  Larsson  and  Calais  that 
correlation  effects  may  be  comparatively  strong  for  valence 
electrons  in  regions  of  low  electron  density.  Generally, 
this  includes  the  low  energy  region  from  0.1  keV  to  10  keV. 

Correlation  is  introduced  into  atonic  wave  functions 
by  using  not  only  single  electron  wave  functions  ij>  (r^) ,  or 
their  products,  but  also  functions  of  the  fora  where 

the  i  and  j  refer  to  different  electrons.  Wave  functions 
containing  as  many  as  220  terms  for  low  Z  atoms  have  been 
developed,  but  generating  wave  functions  of  this  type  for 
larger  atoms  is  very  difficult.  Other  wave  functions  are 
available  but  many  have  not  been  tried  in  photoionization 
calculations.  Even  models  for  generating  them  have  not  been 
studied  extensively.  The  homogeneous  electron  gas  model 

O 

expressions  for  correlation  potentials  are  known  to  good 
approximation.  These  may  be  best  for  valence  electrons  and 
should  be  considered  for  improving  low  energy  calculations. 


Other  methods  of  including  correlation  include  a 
generalized  form10  of  Eq.  (3) 

[&■  +  v<r)  +  E  -  r(r'+1>  -  t2'rUk  Aik  xk  <Pi'Pi>]PE£'<r)  = 


(2/r )l  B  Y1  (P. ,P  {1))P. (r)  +  f  \  ?  (r) 

ik  ikk  1  1  i  i  i 


(4) 
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where  the  correlation  effects  are  included  in  the  numerical 
coefficients  and  This  approach  can  be  considered 

for  improving  low  energy  theory  by  introducing  correlation 
effects  directly  in  the  Schrodinger  equation. 

There  have  been  few  reliable  experiments,  over  only 
restricted  energy  regions,  and  mostly  on  low  Z  elements, 
against  which  to  compare  theory.  The  state  of  theory  should 
be  evaluated  further  and  approximate  methods  of  introducing 
correlations  should  be  examined  or  developed. 

5.  RECOMMENDATIONS 

After  a  review  of  experimental  data,  a  comparison  of 
scattering  theory  with  experiments,  and  an  investigation  of 
the  possibilities  of  improving  photoionisation  theory,  the 
following  recommendations  are  given.  Their  implementation 
would  improve  the  quality  of  x-ray  cross  sections  for  normal 
atoms  to  the  degree  required  by  DNA  users  for  the  present  and 
immediate  future. 

5.1  Scattering  Cross  Sections 

Because  of  the  scarcity  of  and  large  uncertainties  in 
experimental  incoherent  scattering  data,  and  the  wide 
variations  in  theoretical  and  experimental  data,  additional 
experiments  are  recommended.  These  should  be  on  the  entire 
atom  as  well  as  on  particular  electron  sheila  and  should  be 
done  at  all  angles,  especially  in  the  back-scatter  region. 

To  assist  in  evaluating  theory,  it  is  recommended  that 
Cromer's  incoherent  scattering  functions  be  calculated  for 
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individual  electron  shells,  at  least  for  those  elements  for 
which  there  are  experimental  data  for  individual  shells. 

Additional  coherent  scattering  experiments  are 
recommended  in  all  energy  regions  and  scattering  angles  for 
all  elements.  Cromer's  form  factors  should  be  calculated  at 
smaller  intervals  above  sin  (0/2)/X  =  10  to  reduce  theoretical 
uncertainty  and  improve  comparison  with  experimental  results. 

5.2  Total  Attenuation  Cross  Sections 

To  replace  interpolated  and  extrapolated  cross  sections 
with  values  substantiated  by  experiment,  attenuation  measure¬ 
ments  are  needed  for  elements  and  energies  that  have  no  data, 
or  sparse  or  inconsistent  data. 

5.3  Low  Energy  Photoionization  Cross  Sections 

The  region  of  greatest  uncertainty  in  photon  cross 
sections  is  below  10  keV  because  there  are  relatively  few 
accurate  experimental  data  to  verify  theoretical  calculations. 
Measurements  in  this  region  for  all  elements  and  for  individual 
electron  shells  are  recommended . 

The  theory  used  at  Kaman  and  described  in  Reference  1 
can  be  modified,  as  discussed  in  Section  4,  to  calculate  low 
energy  cross  sections  with  the  accuracy  required  by  ON."  .  A 
program  for  this  is  strongly  recommended . 
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